Single-molecule fluorescence microscopy is a powerful tool for observing biomolecular interactions with high spatial and temporal resolution. Detecting fluorescent signals from individual labeled proteins above high levels of background fluorescence remains challenging, however. For this reason, the concentrations of labeled proteins in in vitro assays are often kept low compared to their in vivo concentrations. Here, we present a new fluorescence imaging technique by which single fluo-rescent molecules can be observed in real time at high, physiologically relevant concentrations. The technique requires a protein and its macromolecular substrate to be labeled each with a different fluorophore. Making use of short-distance energy-transfer mechanisms, only the fluorescence from those proteins that bind to their substrate is activated. This approach is demonstrated by labeling a DNA substrate with an intercalating stain, exciting the stain, and using energy transfer from the stain to activate the fluorescence of only those labeled DNA-binding proteins bound to the DNA. Such an experimental design allowed us to observe the sequence-independent interaction of Cy5-labeled interferoninducible protein 16 with DNA and the sliding via one-dimen-sional diffusion of Cy5-labeled adenovirus protease on DNA in the presence of a background of hundreds of nanomolar Cy5 fluorophore. 
INTRODUCTION
Recent developments in single-molecule fluorescence microscopy have allowed remarkable insights into the dynamic properties of biomolecular processes. The high spatial and temporal resolution of fluorescence microscopy has enabled the visualization of intermediates and timedependent pathways in biochemical reactions that were difficult or impossible to extract from experiments at the ensemble-averaged level. However, one of the important technical challenges in single-molecule fluorescence imaging is the visualization of individual fluorescently labeled molecules at high concentrations. Using conventional, diffraction-limited optics, the fluorescence of individual molecules can only be resolved if they are farther apart than the diffraction limit  ~250 nm in the lateral and ~500 nm in the axial direction. As a consequence, the highest concentration at which single fluorescently labeled molecules can still be resolved at a sufficiently high signal-to-background ratio is in the order of 10-100 nM. This concentration limit reduces the applicability of single-molecule fluorescence imaging to the study of biomolecular interactions with dissociation constants in the nanomolar range or tighter (1) . A common and straightforward strategy to circumvent this limitation is to use a partially labeled population of the molecules of interest and supplement with a high concentration of unlabeled molecules. However, when complicated pathways that involve many binding partners or rare molecular transitions, are studied, there is a need for approaches that allow the visualization of all events instead of merely a small fraction.
Several recent experimental approaches in single-molecule fluorescence imaging have overcome this concentration limit ( 2 ) , either by confinement of the molecules ( 3 ), reduction of the fluorescence excitation volume ( 4 ), or by temporal separation of fluorescent signals ( 5 ) .
Confinement of labeled molecules in a closed volume, considerably smaller than the diffraction limit, enables the detection of single molecules at concentrations much higher than the fluorescence concentration limit. As an example, trapping of proteins inside nanovesicles, with a volume of about 5 * 10 -19 liter, allows single molecules to be visualized at an effective protein concentration of approximately 3 µM (6) . Alternatively, the excitation volume itself can be reduced to below the diffraction limit. Zero-mode waveguides, for example, are widely Here, we present a fluorescence imaging technique that is based on the incorporation of an activator molecule into the binding target of a molecule and use energy transfer to only activate the fluorescence of those molecules that bind the target. The free molecules remain in their dark state, and only the ones involved in complex formation are switched on and their fluorescence is observed. We demonstrate our method by visualizing large-scale motions of individual DNAbinding proteins at protein concentrations exceeding the previous concentration limit by an order of magnitude.
METHODS

Dyes and proteins
Recombinant IFI16 was synthesized in E. coli, purified, and subsequently labeled with the Cy5 dye by maleimide chemistry, as described (7). Cy5-IFI16 was used at a concentration of 1 nM in combination with the M13 DNA template and at 30 nM in the experiments with λ DNA.
The gene for AVP was expressed in E. coli and the resultant protein purified as described previously (8, 9) . AVP concentrations were determined using a calculated extinction coefficient Cy5 mono-reactive NHS ester (GE Healthcare) was dissolved in DMSO and stored at -20˚ C. For the high Cy5 background experiments, 270 nM of this Cy5 was caged with 1 mg/mL NaBH 4 and added to the single-molecule imaging buffer.
DNA construct
A biotinylated 60-bp duplex oligo DNA with a 3' amine-end modification was purchased from Integrated DNA Technology. The amine group of the oligo was covalently linked to Cy5 monoreactive NHS ester (GE Healthcare) by adding a 125-fold excess of Cy5 to the oligo in reaction buffer PBS (pH 7.5) at room temperature. The labelling reaction was performed for 1 hour. λ DNA substrates were constructed by standard annealing reactions. The linearized DNA had 12-base single-stranded overhangs at each end. To the 5' end of the λ-DNA, a biotinylated oligo was annealed to allow surface attachment to the functionalized glass coverslip (15) .
Experimental setup
Single-molecule measurements were performed on an Olympus IX-71 microscope equipped with a 100x TIRF objective (Olympus, UApoN, NA = 1.49 (oil)). The sample was continuously excited with a 154 W·cm All experiments were performed in home-built flow cells. PEG-biotin functionalized coverslips were treated with a streptavidin solution to enable DNA template binding (16) . A PDMS flow cell with 0.5-mm wide channels was adhered on the top of the glass coverslip and an inlet and outlet tube were inserted into the PDMS. After thoroughly washing the flow cell, the DNA was flushed through and subsequently the reaction buffer was flowed through at 10 µL/min. As soon as the reaction buffers entered the flow cells, fluorescence imaging was started.
Buffers for single-molecule measurements
LADye requires the pre-darkening of the Cy5 fluorophore, which was achieved by caging with 1 mg/mL NaBH 4 in 20 mM Tris at pH 7.5, 2 mM EDTA, and 50 mM NaCl prior to the fluorescent imaging experiments. The buffers used in the single-molecule imaging experiments were designed to suppress blinking and reduce photobleaching rates in caged Cy5 and Cy5-labeled proteins. The experiments on Cy5-oligo DNA and Cy5-IFI16 switching were performed in a 20 mM Tris at pH 7.5, 2 mM EDTA, and 50 mM NaCl buffer, and the Cy5-pVIc-AVP experiments were done in a 10 mM Hepes at pH 7.0, 2 mM NaCl, 5 % glycerol, 20 mM EtOH, and 50 µM EDTA buffer. To increase Cy5 photostability and facilitate switching, all buffers contained 0.45 mg/mL glucose oxidase, 21 µg/mL catalase, 10 % (w/v) glucose, 1 mM Trolox (17) and 143 mM β-mercaptoethanol (BME). In addition, 50 nM Sytox Orange (Molecular Probes) was added to the reaction buffers to stain the DNA to enable Cy5 switching.
RESULTS
Our approach to visualize bimolecular interactions at high fluorophore concentrations is based on generating fluorescence from only those molecules that have formed a bimolecular interaction; all other fluorophores will not fluoresce. As a switchable label fluorophore we use Cy5, a red carbocyanine dye that has been shown to act as an efficient reversible single-molecule photoswitch supporting hundreds of cycles of switching between a dark and a bright state (18, 19) . Our method is based on the selective activation of only the fluorescence of those few molecules that successfully associate to a target substrate with the remainder of the fluorophores left in their dark state. As such, at the start of an imaging experiment all fluorophores need to be placed in a dark, fluorescently inactive state. Darkening of Cy5 can be achieved chemically upon interaction with NaBH 4 (20) , phosphine tris(2-carboxyethyl)phosphine (TCEP) (21), or primary thiols combined with red-light illumination ( 22 ) . These chemicals presumably bind to the polymethine bridge of Cy5, resulting in disruption of the conjugated π-system and a drastic blue shift of the Cy5 fluoresence (21) . The bright, red-emitting state of Cy5 is recovered upon the dissociation of the chemical darkening moieties, an event that can be triggered by irradiation at shorter wavelengths (18) or by excitation of a nearby secondary fluorophore whose emission spectrally overlaps with the Cy5 absorption (19, 23) . Excitation of such a secondary fluorophore offers the opportunity to specifically recover the bright state of only those Cy5 molecules in close proximity to that secondary fluorophore. We present here the use of a DNA-intercalating stain to locally activate only those Cy5 fluorophores that are close to a DNA template, while leaving the background population of Cy5-labeled proteins in their dark state (see Figure 1a) . Sytox Orange and BME, respectively. The lack of photo-activation by 532-nm excitation in the absence of Sytox Orange or BME confirms the role of Sytox Orange as a local activator.
As a proof of principle, we labeled a 60-bp double-stranded (ds) DNA oligonucleotide with the DNA-intercalating stain Sytox Orange and used its fluorescence emission to photo-activate a dark Cy5 fluorophore that is covalently coupled to the same DNA (Figure 1b) . Darkening of the Cy5 fluorophore with 1 mg/mL NaBH 4 was found to be 69 % efficient (Suppl. Info. Figure 1) .
The ability of the Cy5 molecule to switch on was studied both by direct activation upon As a model system to visualize proteins moving along DNA amidst a high background of Cy5, we chose the adenovirus protease AVP, which is a protein able to diffuse one-dimensionally along dsDNA after association with an 11-a.a. peptide pVIc (26) . The pVIc-AVP complex binds to DNA without any sequence specificity and performs a one-dimensional random walk along the duplex to locate and process DNA-bound protein substrates (26) . Using darkened Cy5-labeled pVIc-AVP and pulsed 532-nm photo-activation, we specifically visualized the Cy5- We demonstrate here efficient fluorescence activation of a darkened Cy5 molecule coupled to a stained double-stranded DNA molecule. However, switching was found to be less efficient for Cy5-labeled proteins interacting with stained DNA. This observation is consistent with previous reports that the switching efficiency of Cy5 has a distance dependence much shorter and steeper than that reported for Förster resonance energy transfer (19) . The physical size of the protein places the Cy5 at a slightly larger distance away from the DNA thereby reducing the efficiency of fluorescence activation by the DNA-bound intercalating stain. However, the previously demonstrated linear dependence of switching efficiency on intensity and duration of the activation beam (19) provides a readily accessible experimental parameter to optimize the extent of switching in a population of labeled molecules (Figure 2e ).
An experimental concern in the application of fluorescence microscopy is the photo-induced degradation of biomolecules. In particular, excitation of intercalating stain has been shown to induce DNA cleavage through free radical formation (27) . However, at the low intensity of 532-nm illumination required for excitation of the intercalating stain and photo-activation of the Cy5 
